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EFFECTS OF FIXING TRANSTITION ON THE TRANSONIC AERODYNAMIC
CHARACTERTSTICS OF A WING-BODY CONFIGURATION AT
REYNOLDS NUMBERS FROM 2.4 TO 12 MILLION

By Lynn W. Hunton
SUMMARY

A wind-tumnel. investigation has been made of the effects of fixing
boundary-layer transition with wires on the aerodynamic characterigtics
of a wing-body configuration st Mach numbers from 0.7 to 1L.3. The tests
were conducted at constant Reynolds numbers of 2.4, 4, 8, and 12 million.
The model consisted of an aspect-ratio-3 trepezoidal wing with a 3~
percent-thick biconvex section in combination with a Sears-Haack body of
revolution.

Results indicated that with free transition of the boundary layer
on the model, large effects of Reynolds number occurred on the aero-
dynamic characteristics near zero 1lift. These effects disappeared at
test Reynolds numbers of about 8 million and sbove. Fixing of transi-
tion on the model practically eliminated these effects over the entire
Reynolds number range investigated. Furthermore, the fixed transition
data matched closely the results obtained with free transition st s
Reynolds number of 12 million. The wires used to trip the boundary
layer caused an increment in drag coefficient of sbout 0.0008 at a
Reynolds number of 12 million which remained approximately constant
throughout the Mach number range.

INTRODUCTION

The extrapolation of small-scale test results to conditions that
generally represent those of full scale continues to be one of the major
problems encountered in properly interpreting wind-tumnel data. A vast
majority of all high-speed tests in wind tunnels are conducted at
Reynolds numbers below 4 million (based on the wing chord). For Reynolds
numbers of this order, & large percentage of the boundary layer on the
model can be laminar snd changes in Reynolds number may cause rather
large differences in the pressure distribution, such as discussed in
references 1 and 2. Tests at low Reynolds numbers can result in irregu-
lar 11ft and moment charecteristics and changes in skin-friction drag
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with 11ift coefficient. Under full-scale condltions in flight, on the
other hand, where the boundary layer is turbulent over most of the 1lift- i
ing surfaces, few, if any, of these irregular variations in aerodynamic w
characteristics found near zero Lift would be expected.

One method used gquite extensively in wind-tunnel tests to increase
the effective Reynolds number consists of artificially fixing the transi-
tion point of the boundary lsyer on the wing and body surfaces by mechani-
cally disturbing the boundasry layer with some form of surface roughness -
(e.g., refs. 1 and 3)., While in most cases this technique has quite suc- '
cessfully diminished the severity of the irregularities in the aerodynamic
charecteristics, there has alweys persisted some element of doubt regard-
ing the general applicability of data obtained in this manner.

It is the purpose of this report to examine in some detail the
effects of fixing transition on & wing-body configuration at transonic
Mach numbers. The analysis is based on 1lift, drag, and pitching-moment
results obtained in the Ames 1l-foot transonic wind tuunel on an unswept
wing with a 3-percent-thick biconvex section. The model was tested both
with and without transition fixed for Mach numbers ranging from 0.7 to
1.3 and for Reynolds numbers rsnging from 2.4 to 12.0 million.

NOTATION
Cp drag coefficlent, Q%gﬁ .
Chpip (minimum drag coefficient : : - =
2 skin-friction drag
CDF skin-friction drag coeffilcilent, 2 welted ares
oL 11ift coefficient, l%gﬁ
' dCy, B
Cl 1ift curve slope, =37~ _
pitching moment sbout ¢/k
Cm pitching~moment coefficient,
gsc
o]

itching-moment curve slope, ===
CITJCL b & H d.CL
b wing span
c local wing chord =
Cav average geometric chord of wing-body comblnation,

wetted area of wing-body combinstion _

2b + 2ro(x - 2) -

T mean aerodynemic chord _. - - -
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1 body length, distance from nose to theoretlcal point of closure
a free-stream dynamic pressure
R Reynolds number based on <¢T
R! Reynolds nunmber based on cgy
T local body radius
To maximum body radius
S area of wing plan form
P4 distance along body axis from origin at the nose of the body
o angle of attack, deg
el boundary-layer thickness
| fraction of semispan

APPARATUS

Tunnel

The tests were conducted in the Ames 1l-foot transonic wind tunnel
which is a closed-circuit, variasble-pressure type with perforated test-
section walls. Figure 1 shows a schematic view of the tunmel circuit
and figure 2 shows a sectionsl view of the test section. Mach number is
continuously varisble from 0.7 to l.4 while the stagnation pressure also
is continuously variable from 2 to 35 pounds per square inch gbsolute,
The alr is dried to prevent the formation of condensation shocks. The
three~stage axial flow compressor is driven by four h5,000 horsepower
wound rotor induction motors.

Nozzle.- The nozzle is a variable geometry convergent-divergent
type with two walls plane and parallel and the other two walls of flexi~-
ble plate that are driven by single Jacks. The thickness distribution
of the flexible walls is such as to yield a theoretically ideal nozzle
shape for producing a uniform flow field at the entry to the test sec~
tion at a Mach number of 1.25. For other Mach numbers, of course, the
flow f£ield at the test-section entrance will be slightly nonuniform.

Test section.~ The test region is square in cross section, 11 feet
by 11 feet, and is 22 feet long. All four walls are perforated and
enclosed by a pressure~tight plenum chamber which equalizes the pressure
on all walls., Growth of the boundary layer is compensated for approximately
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by slightly diverging the top and bottom walls; the two side walls are
parallel. The porosity or open area in each of the four walls is 6 per-
cent of the total wall area. Venting of the plenum chanber to the main
stream is effected by a stepped opening at the entry to the diffuser.
The pressure level in the plenum chamber is thus partially controlled by
the ejector action of the main stream flow over this step.

Flow characteristics.- The longitudinal varistions of air-stream
Mach number in the test section for Mach numbers ranging from 0.8 to 1.5
are glven in figure 3. These results were obtalned at a stagnation pres-
sure of one atmosphere and a stagnation temperature of shout 100° F.
Measurements of the local Mach number were made at 4-inch intervals along
the axis of the tunnel with the test section empty. The region for mini-
mum Mach number disturbances for elther subsonic or supersonic Mach num-
bers can be seen to occur in approximstely a 10-foot length of test
section between stations 100 and 220, These results, together with off-
axis survey data (not presented here), showed the maximum deviation in
Mach number to be less than 0,005 within the test region. The test
location of the wing-body configuration of the present investigation is
shown in figure 3 to be well centered Wlthin the lO-foot region of
smoothest flow.’ -

Model. support.- The model was sting supported from a traversing
support strut which is mounted vertically downstream of the test section.
Changes in angle of attack are made in a vertical plane. The support
strut was traversed in the vertical plane so as to keep the center of
rotation of the model essentially in the horizontal center plane of the
test section. The maximum angle-of-attack range attalneble is _15 .

Model

Pertinent dimensions of the wing-body médel are given in figure L.
The wing was trapezoidel in plan form and had 19. 1° sweepback of the
leading edge, an aspect ratio of 3.1, a taper ratic of 0.39, and
3-percent-thick blconvex airfolil sections parallel to the plane of

symmetry.

The equation for the Sears-Hasck body given in figure 4 relates
the radius of the body to its length. The length indicated refers to
the theoretical length of the body for complete closure gt the aft end
whereas the actual body length was only T9 percent of this value. The
body fineness ratio (theoretical) was 12.5 and the ratio of meximm
cross sectional area of the body to the wing ares was 0.0510.

The model was sting-mounted and all forces and moments were measured
with an internal, electrical, strain~gage-type balance, Model angle of
attack was measured by means of a pendulum actuated transducer located
in the nose of the model. Accuracy of this instrument is estimated to
be within 20.,05°.
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Boundary~-layer transition on the model was fixed by means of a wire
located near the nose of the body and on the upper and lower surfaces of
the wing as shown in figure 4, The wire dismeter was 0.0L0 inch, the
minimm slze wire required to trip the boundary layer for the Mach number
and Reynolds nunmber ranges of these tests, according to the data of
reference 4,

TESTS AND CORRECTIONS

Lift, drag, and pitching moments were measured for the model at
Mach numbers from 0.7 to 1.3 for an angle-of-attack range extending from
-4° to0 10°. These tests were made at constant Reynolds numbers of 2.4,
4,0, 8.0, and 12,0 million based on the wing mean aserodynamic chord.

The model was tested smooth end with wires added to fix transition.

No wall-interference corrections have been gpplied to the data. In
reference 3 results are presented of an investigation of interference
effects in a porous walled test section using a model configuration
identical to the one considered herein., It was shown for Mach numbers
from 0.6 to 1.3 that for the present amount of wall porosity (6-percent
open aresa) practically interference-free data are obtainable for this
model with as much as l.2-percent blockage. The model blockasge ratio of
the subject investigation was only 0.6 percent.

The pressure at the base of the model was measured and the axisl
force was adjJusted to correspond to that force which would exist 1f the
base pressure were equal to the free-stream pressure.

RESULTS AND DISCUSSION

Lift, pltching-moment, and drag characteristics for the model are
presented in figures 5 to T for Mach numbers ranging from 0.7 to 1.3.
Comparisons are shown for the model with boundary-layer transition both
free and fixed and for Reynolds numbers of 2.4, 4.0, 8.0, and 12,0
million. Following these basic data figures are summary cross plots of
the more important aerodynamic characteristics. Iift curve slope,
piltching~-moment curve slope, and minimum drag characteristlecs are pre-
sented in figures 8 to 11, 12 to 1k, and 15 to 19, respectively.

Lift Characteristics

At transonic speeds interaction of & shock wave with the boundary
layer often affects the pressure distribution in a significantly differ-
ent menner depending on whether the boundary layer is laminar or turbulent
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ahead of the shock (ref. 2)., This difference between the laminar and
turbulent layer cases mekes it difficult to extrapolate small-scale wind-
tunnel data to large-scale appllcations. . N

Figure 8(a) clearly illustrates the large varistion in 1ift curve
slope that can be encountered at different Reynolds numbers when free
transition is permitted on the model. At high subsonic Mach numbers
almost a twofold change in thils parameter occurs as the test Reynolds
number is increased from 2.4 to 12 million. The appearance of a large
Reynolds number effect on CLa even &t Mach numbers below the critical
velue (approximately 0.9 for the 3-percent-thick wing section) is a
1ittle surprising. At 0.7 Mach number figure 8(a) shows that the value
of CL@ is much smsaller at & Reynolds number of 2.4 million than at

12 million., The change can be seen to be very gradual with the change
in Reynolds number. It is not at all clear from the availeble date
whether the flow condition on the wing or the fuselage is responsible
for the low 1lift curve slope. At higher subsonic Mach numbers the large
Reynolds number effect on the zero 1ift Clg increases still further up

to0 a Mach number of aboub 0.95. At this point, the effect declines
sharply as the 1ift curve slope at the lower Reynolds numbers abruptly
increases to values closely matching those obtained at the higher Reynolds
numbers of 8 and 12 million. At sonic and supersonic Mach numbers the
1ift curve slope was little affected by changes in elther Reynolds num-
ber or 1ift coefficient (figs. 8(b) and 8(c)).

Fixing transition on the model completely alters the nonlinearity ’
of the 1ift characteristics. Wires installed near the leading edge of
the wing on both the upper and lower surfaces and near the nose of the
fuselage (see fig. 4) artificially induced a turbulent boundary layer
over most of the model, That the wires actually tripped the boundaxy
layer successfully was esteblished by experiment in which transition of
the boundary layer was indicated by a diffusible solid, azobenzine (see
ref. 5). As a matter of interest a comparison between the diameter of
the wire of 0.010 inch and the calculated® thickness of the laminar
boundary layer on the wing at the wire location 1s presented in figure 9.

Figure 10(a) shows that with transitlon fixed on the model the
effects of Reynolds number on the 1ift curve slope through zero 1ift
virtually disappear. A summary of the effect of fixing transition on
Cr,s for the several test Reynolds numbers given in figure 11(a), con-
clusively illustrates the effectiveness of fixing transition at low
Reynolds numbers in simulating the 1lift characteristics at high Reynolds
number for this trapezoidal wing-body configuration. The figure includes
the theoreticel 1lift curve slope variastion with Mach number. For the
subsonic speed range the Weissinger theory (ref. 6) was used while for
the supersonic speed range solutions of the linearized compressible flow
equation (ref. 7) were employed. Wing-body interference effects in the -

1Based on flat-plate considerations.
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calculations for both subsonic and supersonic speeds were accounted for
by the method of Pitts, Nielsen, and Kasttari (ref. 8). The theory can
be seen to agree fairly well with experiment for the two highest Reynolds
nunber conditions of 8 and 12 million with transition of the boundary
layer either natural or induced. The largest discrepancy between the
theory and experiment occurs in the low supersonic speed range where the
Mach lines from one tip intersect the opposite tip. At Reynolds numbers
of 2.4 and 4 million only the data with transition Ffixed show good corre-
lation with the theory at subsonic speeds. At supersonic speeds little
effect can be seen on the 1lift curve slope of figure 11 of a variation in
Reynolds number or of fixing transition.

Pitching-Moment Characteristics

A comparison of the data in figures 8 and 12 shows that the majority
of the changes in 11ft are closely paralleled by accompenying changes in
pitching moment., Effects of Reynolds number on the pitching~moment curve
slope at zero 1ift with natural transition (fig. 12(a)) are almost identi-
cal to those seen in the case of th throughout the Mach number range.
At low Reynolds number snd subcritical Mach numbers, forward shifts in
center of pressure on the model of as much as 12 percent of the mean
aerodynamic chord were found, while at supercritical speeds the forward
travel of center of pressure reached as high as 26 percent of the mean
aerodynamic chord. At a Mach number of 0.9%, the influence of the shock-
wave boundary-layer interaction effect disappears quite abruptly causing
the center of pressure to undergo a sudden rearward travel of approxi-
mately 45 percent of the mean serodynamic chord. This magnitude of
change in center of pressure at a low Reynolds number compares with a
shift of the aercdynamic center of only 13 percent near sonic speed for
the model at a Reynolds nuwber of 12 million. At supersonic speeds the
effect of Reynolds number on the pitching-moment charascteristics can be
seen to disappear almost entirely.

Inducing transition on the model is shown in figure 13 to render the
pltching-moment characteristics practically inveriant with Reynolds num-
ber at the lower 1ift coefficients of O and 0.2. At O.4 1ift coefficient
slgnificant Reymolds number effects are shown at Mach numbers below 0.9.

Pigure 1k summsrizes the effect on the pitching-moment curve slopes
of fixing transition at the several values of test Reynolds number.
These curves clearly show that for this configuration at zero 1ift the
effect of Reynolds number practically disappears at some value of Reynolds
number between I and 8 million. The value of this critical Reynolds num-
ber would vary to some extent from one wind tunnel to another depending
on the air-stream turbulence level., Above a Reynolds number of 8 million
it appears to make little difference on the pitching-moment characteristics
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whether transitlon of the boundary leyer is allowed to develop naturally
or ls induced artificially which probably indicates that the natursl and
induced locetions of transition are nearly the same. Hence, the direct
effect of the wire trip on the wing loading is quite small at the higher
Reynolds numbers.

At Reynolds numbers below 8 million, fixing of transition on this
model constitutes an effective means by which the aerodynamic character-
istics obtained at low Reynolds numbers can be made to approximete qulte
closely the results obtained at high Reynolds numbers, While such a
result is encouraging from the standpoint of improving the usefulness of
small-scale data, it nevertheless is & little surprising for the subsonic
Mach number case, considering the sharp leading edge of the wing profile.
It would be expected that the flow would separate at the sharp leading
edge at small angles of attack and transition would occur close to the
leading edge under all circumstances. Effectiveness of the transition
strip apparently means that extensive runs of laminar flow must have
existed.

Dreg Characteristics

Minimum drag characteristics of this model further illustrate some
of the problems encountered in small-scale tests of models on which the
boundary layer is allowed to undergo natural transition. Figures 15(a)
and 16 show Cppi, o8 & function of Mach number to increase graduelly
with increase in Reynolds number, Also, in the summary of these transi-
tion free results given 1in figure 17 it can be seen that the minimm
drag continues to increase to Reynolds numbers as high as 8 million.

The magnitude of this change as well as the level of the drag would
depend, of course, on the condition of the model surfaces and on the
turbulence level of the air stream. Under these circumstances then, it
would be virtually impossible to obtain consistent measurements of quin
from one wind tunnel to the next. With transition fixed,® on the other
hand, the minimum drag undergoes a normal gradual decrease in value with
increase in Reynolds nunmber. It is also interesting to note that these
minimum drasg characteristics as a function of Reynolds number held quite

27+ 1s to be noted that for the transition-fixed configuration the
level of drag (hence cDmin) was found to be slightly in error
(aACp £ 0.0015) for_the two lowest Reymolds number tests of 2.4 and 4.0
million, A portion of the 4 million Reynolds number data with transi-
tion fixed was re-run to establish the drag level and these results are
included in figures 7 and 15(b) through 18. No similar check was made,
however, at a Reynolds number of 2.4t miliion which accounts for the
omission of these results from the summary plots of CDpin. Since the
drag error is smell, the effect on the 1lift and pitching-moment measure-
ments is insignificant and hence has been lgnored.




NACA TN 4279 9

uniformly throughout the Mach number range, subsonic or supersonic.
Furthermore, the resulis at a Reynolds number of 12 million would tend
to indicate that the drag of the wire remalins nearly constant throughout
the Mach number range at a value of gbout 0.0008 in drag coefficient.
This value for the drag of the wire is close to the calculated drsg
values for the wire on an identical model given in reference 3.

The drag characteristics of the model as a function of Reynolds
number permit an interesting comparison to be made with the skin-frietion
drag of a flat plate. If it is assumed that the minimm drag measured
for the model at a Mach number of 0.7 represents the subsonic skin-
friction drag, then a comparison such as shown in figure 18 can be made.
Here the measured in Vvalues for the model have been converted to a
skin-friction coefficient Cpg using one-half the wetted area of the
complete model as a reference instead of wing area. In the case of the
values of Reynolds number, however, a problem arises as to what reference
length to use to compare the wing-body combingtion with a simple rectangu-
lar flat plate. For the present comparisons equal spane were selected
and an average geometric chord for the complete wing and body combination
was computed for a reference length. With this increased reference length
all test Reynolds number values were increased by 40 percent. These
results in figure 18 are seen to be in excellent agreement with theoreti-
cal values for a flat plate. The measured drag points with transition
fixed exhibit virtuglly the same slope as the theoretical Schlichting
turbulent skin-friction curve for a flat plate and are displaced sbove
the theoretical curve by an amount about equal to the estimsted drag
increment for the wire.

Figure 18 also includes a curve showing the calculated skin-friction
drag coefficient for the model with laminar and turbulent boundary-layer
flow arecas assumed to be distributed in the manner i1llustrated in fig-
ure 19. The location of transition was assumed to occur at Reynolds num-
bers of 1.4t million for the wing and 2.5 million for the body. It should
be noted that both these values of ecritical Reynolds number are somewhat
arbitrary: That for the wing falls well within the critical range indi-
cagted for a flat plate in reference 9, while that for the body was chosen
on the basis of unpublished results obtained in the Ames 12-foot pressure
wind tunnel on several tTypes of bodles of revolution. The favorable
effect of negative pressure gradients on the stability of the laminar
boundary layer on the wing was ignored. Despite these spproximations,
the celculated curve is seen to be in excellent sgreement with the free
transition data.

CONCLUSIONS

A study has been made of the effect of fixing boundary-layer transi-
tion on the 1lift, drsg, and moment characteristics of an aspect-ratio-3
trapezoidal wing-body configuration for Mach numbers from 0.7 to 1.3 and



10 NACA TN L4279

Reynolds numbers from 2.4 to 12 million. The general conclusions reached
were as follows:

1. With natural transition on the model, large effects of Reynolds
number were found near zero 1lift at subsonic Mach numbers on 1ift curve
slope, piltching-moment curve slope, and drag. These effects persisted
up to a Reynolds number of about 8 million.

2, Fixing of transition on the wing and body for the most part
eliminated the effects of Reynolds number on the 1ift and moment charac-
teristics and, in the case of minimum drag, resulted in a normsl decrease
in drag throughout the Reynolds number range of the tests. Hence, fixing
of transition constitutes an effective means by which the serodynamic
characteristics obtalned at low scale can be made to approximate closely
the resulte obtained at high Reynolds number.

3. The wires used to trip the boundary leyer on the model caused
a minimm drag coefficient increment of about 0.0008 throughout the Mach
number range at a Reynolds number of 12 million.

Ames Aeronauticel Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Apr. 24, 1958
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and fixed for constant Mach numbers.
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Figure 7.~ Comparison of the drag characterlstics of the model with transition free and fixed

for constant Mach numbers.
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Figure 8.- Variation of 1ift curve slope with Mach number for several values of Reynolds
number; transition free.

gt

6L2h NL VOVN



NACA TN L2T9

12

Ok

1.3

1.2

1.1l

1.0

9

.8

(b) €7=0.8

Figure 8.- Continued.

33



J2

008

.04

HKAXX X
5
o]

108

LN

M

() Cp=0.4

Figure 8.- Concluded.

1.1

1.2

1.3

He

6l2n NI VovN



NACA TN 4279

.025 .
R=12.1+ ley/
.020 //
// 4,0 x 10% /
v
.015 // ,/
8, 1 / // yﬂ/
, in. ’///'
.010-/4.__7/._/____ __:gi;me:_
// L—"] 12.0 x 10°
=
.005 ]
0
-2 L 6 .8 1.0

n

Figure 9.- Calculated thickness of the laminar boundsry layer at the
wire location as & function of wing semispan.
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Figure 10.~ Variation of 1ift curve slope with Mach mmber for seversl values of Reynolds
number; transition fixed.
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Figure 10.- Concluded.
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Flgure 11.- Effect of flxing transition on the variation of 1ift curve
slope with Mach number for seversal values of Reynolds number.
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Figure 12.-~ Varistion of pitching-moment curve slope with Mach number for several values of
Reynolds onumber; transition free.
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Figure 13.~ Variation of pitching-moment curve slope with Mach number for several values of
Reynolds mumber; transition fixed.
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Figure 1l4.- Effect of fixing trensition on the variation of pitching-
moment curve slope with Mach number for several values of Reynolds
numbers-
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(a) Transition free.

Figure 15.- Varlation of minimum drag with Mach number for several values of Reynolds number.
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Figure 16.- Effect of fixing transition on the variation of minimm dreg
with Mach number for several values of Reynolds number,
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Figure 17.- Effect of fixing transition on the variation of minimm drag
with Reynolds number for several values of Mach number.
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with free transition for the celewlations of figure 18,

Figure 19.- Sample distribution of laminar and turbulent boundary-leyer flow ereas for the model



